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A sample preparation method has been developed for detection of noncovalent protein–
protein complexes by MALDI in this work. An aqueous solution of the matrix at pH 7 allows
the reproducible detection of a protein dimer, a protein tetramer, and a heterodimer. The
signals are stable under long irradiation and can be detected at wide ranges of concentrations
and with different laser intensities. (J Am Soc Mass Spectrom 2007, 18, 1286–1290) © 2007
American Society for Mass SpectrometryBiomolecular interactions, such as protein–protein,protein–DNA, protein–RNA, and protein andsmall ligands, are involved in many biochemical
processes. The development of biological mass spec-
troscopy, matrix-assisted laser desorption/ionization
(MALDI) and electrospray ionization (ESI) provides us
a new way to study these biomolecules and their
interactions. ESI as a soft ionization technique has been
used widely for the study of noncovalent interactions
[1, 2]. On the other hand, much less research has been
done in this area by MALDI and it has generally been
concluded that the overall approach is too harsh to
allow detection of noncovalent protein complexes. The
typical matrix for protein analysis is sinapinic acid in
30–50% of acetonitrile with 0.1% trifluoroacetic acid
(TFA, pH  2) and, in general, this condition would
disrupt the noncovalent interaction of protein com-
plexes during sample preparation. The laser desorption
process itself may also dissociate some of the noncova-
lent complexes. Nevertheless, noncovalent complexes
have been studied by MALDI with some success [3, 4].
The first demonstration of a noncovalent protein
complex was reported by Hillenkamp’s group, using
nicotinic acid as the matrix dissolved in 10% ethanol/
water [5]. The same group later reported the detection
of protein complexes of the transmembrane Ompt
porin, composed of three identical subunits, using feru-
lic acid dissolved in tetrahydrofuran (THF). They also
reported the detection of protein complexes of strepta-
vidin, alcohol dehydrogenase, and beef liver catalase
using 2,6-dihydroxyacetophenone (DHAP) as the ma-
trix in THF [6, 7]. Using different matrices and prepa-
ration techniques, studies of noncovalent complexes
Address reprint requests to Dr. Fenhong Song, U.S. Food and Drug Adminis-
tration, Center for Food Safety and Applied Nutrition, 5100 Paint Branch
Parkway, College Park, MD 20740, USA. E-mail: fenhong.song@fda.hhs.gov
Current address: Center for Food Safety and Applied Nutrition, FDA, 5100
Paint Branch Parkway, College Park, MD 20740, USA.
© 2007 American Society for Mass Spectrometry. Published by Elsevie
1044-0305/07/$32.00
doi:10.1016/j.jasms.2007.03.026between peptides and DNA, RNA have been demon-
strated [8 –10]. Juhasz and Biemann [11] detected non-
specific noncovalent complexes of oligosaccharides
with some basic peptides. Standard matrices buffered to
physiological pH were found to be helpful to retain the
intact protein structure. Cotter et al. [12] detected an
enzyme–peptide complex using a saturated solution of
sinapinic acid in 1/1 ethanol-1 M ammonium citrate.
The human immune farnesyl protein transferase has
been detected as a heterodimer by MALDI using sina-
pinic acid in acetonitrile-0.2 M Bis-tris (30:70) (pH 7) [4].
The complex between -lactoglobulin and polyclonal
anti--lactoglobulin antibody was detected by MALDI
using sinapinic acid as the matrix when it was dissolved
in CH3CN/H2O (1:1, vol/vol) without addition of TFA
[13]. When 6-aza-2-thiothymine (ATT) was used with-
out addition of any organic solvent, the intact noncova-
lent protein complex, RNAse S, as well as the noncova-
lent complex between S-protein, S-peptide, and specific
dimers of coiled-coil leucine zipper polypeptide were
observed [14].
Recent work showed that intact hemoglobin complex
from whole human blood was detected by MALDI
using a saturated solution of 2,6-DHAP in acetonitrile
and 20 mM ammonium acetate 1/3 (vol/vol) [15].
However, no general methods for the observation of
noncovalent complexes have been found and the appli-
cability of different matrices to any given complexes in
the literature reports is often inconsistent. In this work,
a new sample preparation method at physiological pH
was reported. The method uniquely uses sample prep-
aration in aqueous solution at pH 7. Although the
aqueous solution of ATT has been used at a pH close to
7 [14], this DNA matrix is not very effective for protein
and protein complexes analysis. The method described
here could be broadly applicable for the detection of
protein–protein complexes. A preliminary study of oli-
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method is presented in this work.
Experimental
The experiments were performed using Voyager-DE
(Applied Biosystems, Framingham, MA) MALDI-TOF
instrument equipped with a 337-nm nitrogen laser. The
flight path length of the instrument is 1.2 m. All mass
spectra were acquired in positive-ion linear mode with
an acceleration voltage of 25 kV. The delay time was
varied in the ranges from 450 to 1000 ns. Mass spectra
were obtained by averaging 50 laser shots. Sinapinic
acid, ammonium citrate, and avidin were purchased
from Aldrich (Milwaukee, WI) and used without fur-
ther purification. The matrix solution was prepared by
adding 25 mg of sinapinic acid and 50 mg ammonium
citrate in 0.5 mL of deionized water to give a saturated
solution, then adjusted to pH 7 with about 7 L of
concentrated ammonium hydroxide. Avidin was dis-
solved in deionized water to yield a protein concentra-
tion of 80 M. This solution was diluted with equal
volume of matrix solution to give the final concentra-
tion (40 M). The class II major histocompatibility
complex (MHC) is a gift from Dr. Roy Mariuzza’s
group. It was supplied as a aqueous solution containing
40 M protein, 20 mM Tris-HCl, and 20 mM sodium
chloride. It was diluted two or four times with matrix
solution for a typical experiment. Pseudomonas aerugi-
nosa PhzD was obtained courtesy of Dr. James Parsons,
supplied as a solution with a protein concentration of 10
mg/mL in 50 mM Tris-HCl, 0.1 M of NaCl, 1 mM DTT,
and 1 mM EDTA. It was diluted with matrix solution to
a concentration of 20 M for a typical experiment. The
instrument was calibrated using horse myoglobin. Typ-
ically, four sample spots were prepared by loading 1 L
of the analyte mixture. Four sample spots were depos-
ited on a 100-well plate and multiple measurements
were taken to verify the reproducibility of the results.
Results and Discussion
Noncovalent complexes of biological importance are
normally formed at physiological or near neutral pH.
Although formation of noncovalent complexes in the
presence of a neutral pH and aqueous solvent may not
be the only factors for desorption of intact protein
complexes in MALDI, in general it should be one of the
prerequisites for the process. Thus acidic MALDI ma-
trices and the presence of organic solvent may play a
role in the dissociation of these complexes and prevent
their observation. In this work, aqueous solutions of
acidic matrices including 2,5-dihydroxybenzoic acid,
-cyano-4-hydroxycinnamic acid, and sinapinic acid
were neutralized to raise the pH to a range that does not
interfere with noncovalent complexes formation.
Two approaches were tried in this work. First the
matrices were simply adjusted to pH 7, using a volatile
base such as ammonium hydroxide. These were thenmixed with samples andMALDI spectra were obtained.
This yielded no spectrum of complexes. In the second
approach, a volatile buffer such as ammonium citrate
was added to the matrix, and the matrix/buffer mixture
was then adjusted to pH 7 with ammonium hydroxide.
No organic solvents were added as cosolvents in these
experiments. The later approach, which uses aqueous
solution at physiological pH, more specifically aqueous
solution of sinapinic acid with ammonium citrate ad-
justed to pH 7 with ammonium hydroxide, is very
effective for the study of noncovalent protein–protein
interactions by MALDI as subsequently shown. This
sample preparation method gives very homogeneous
analyte distribution, and the simple “dried-droplet”
was used and found to be sufficient to produce spectra
of complexes [3]. The results for three protein com-
plexes are summarized here.
Pseudomonas aeruginosa PhzD is an isochorismatase
from the phenazine biosynthetic pathway. The crystal
structure has been solved and it is a dimer in the solid
state. The solution molecular mass of this enzyme was
determined by a combination of light scattering and
interferometric refractometry [ 16] and it is also a dimer
in solution. The MALDI spectrum of this enzyme (Fig-
ure 1), using sample preparation described here,
showed a major peak of homodimer at m/z 50K and a
major peak at 25K of monomer with minor peaks from
other high-order oligomers such as trimer and tetramer.
The second sample tested is avidin. Avidin is a
glycoprotein found in egg white whose active form is a
tetramer composed of identical subunits. Each subunit
contains 128 amino acids [17]. The spectrum (Figure 2)
showed the tetramer peaks at m/z 63.1K as the major
peak in addition to the monomer at m/z 15.7K and a
minor dimer peak at m/z 31.7K. A trace amount of
trimer peak was also observed. These lower-order oli-
gomers are probably from the dissociation of the tet-
ramer under the laser irradiation. However, the fact that
the tetramer is the predominant species suggests that
the basic solution structure of avidin is retained. These
results are consistent with previous electrospray [18]
and MALDI work [19] where it was also observed as a
tetramer.
The third sample tested (Figure 3) is a class II major
histocompatibility complex (MHC), a known het-
erodimeric protein with noncovalent  chain (m/z 22K)
and  chain (m/z 21K) bound with a peptide (m/z 1.5K)
[20]. MHC proteins are cell surface proteins that serve
as restricting elements for the cell-meditated immune
system. The peak from the expected heterodimer was
observed atm/z 43K. The peptide is not observed as part
of the complexes and may have been dissociated from
the complex in the process of desorption and ionization.
To verify that the spectra of multimeric complexes
observed above bear some relationship to their struc-
ture at physiological pH and are sensitive to the MALDI
preparation conditions, the spectra of the three samples
using a more conventional condition (sinapinic acid in
30–50% of acetonitrile with 0.1% of TFA) were also
ectru
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mer as the major peak and only minor high-order
oligomeric peaks with decreasing intensity. Strong
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often observed under MALDI conditions [4], but the
signal intensity of nonspecific oligomers decreases ap-
proximately exponentially with increasing monomer
number of the aggregates. The results of this study
show that there is a distinct difference in the spectra
observed using the standard methods where decreasing
oligomer intensity is observed with increasing oligomer
size and the method described here, in which the
intensity of specific oligomers (e.g., the avidin tetramer)
strongly suggests a relationship to biological structure.
The sample preparation method used here retains
biological relevant intermolecular interaction and thus
enhances the robustness of MALDI method for obser-
vation of these complexes. For example, the ionization
of PhzD was also investigated under different laser
intensities and at different concentrations. Higher laser
intensities (50% higher than threshold) did not destroy
the signals from the noncovalent complexes. The signif-
icant dimer peaks of PhzD can also be detected over a
wide concentration range from 1 to 50 M, although a
concentration of 20 M was used for this protein in a
typical experiment. The signals from noncovalent inter-
action in this work can be detected with repeated laser
shots. The effect of repeated irradiation on the signals
has been examined by few groups. Hillenkamp and
coworkers [7] observed the so-called first shot phenom-
enon, in which prominent signals for the intact protein
can be obtained from only the first laser shot on a
not-yet-irradiated sample spot. Repeat irradiation
caused the dissociation of complex in their studies. On
the other hand, there are also other reports that stable
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Figure 3. MALDI spectrum of a class Isignals were observed after long irradiation [21–23].The success of this method for observation of non-
covalent complexes, relative to most other methods for
analysis of proteins by MALDI, may be because it does
not rely on high concentrations of organic solvent such
as acetonitrile and methanol for crystal formation. It
also does not rely on incorporation of the analyte with
low pH (0.1% of TFA or similar acids). For most protein
complexes, these conditions would disrupt the nonco-
valent interactions. This is probably explains why pro-
tein complexes are not routinely observed by MALDI in
the past, although some successes have been reported.
A major advantage of using this method is that it can
be easily used to study complexes formed from two or
more different proteins [24]. Thus, this approach now
may offer a routine alternative to and significant advan-
tage over electrospray approaches. The spectra of pro-
tein–protein interactions of three or more components
by ESI-MS are complicated with multiply peaks from
each unit [25]. With singly charged peaks, MALDI
spectra are easily interpreted. Extensive desalting and
exchanging buffer are often needed to study protein
complexes by ESI-MS, unlike the MALDI approach.
Finally, MALDI offers a significant advantage in speed,
sensitivity, and accuracy compared with other tech-
niques to study protein–protein interaction such as
NMR, X-ray crystallography, size-exclusion chromato-
graph, sedimentation equilibrium ultracentrifugation,
and nondenaturing gel electrophoresis.
Conclusions
Several different noncovalent protein–protein com-
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jor histocompatibility complex (20 M).Mass plexes have been consistently detected by MALDI using
1290 SONG J Am Soc Mass Spectrom 2007, 18, 1286–1290a sample preparation method reported in this work.
This method uses aqueous solution at physiological pH,
which can be broadly used to retain physiologically
relevant protein–protein complexes during sample
preparation. The failure to observe these same com-
plexes with conventional sample preparation methods
(using organic solvent and at low pH) further suggests
that this sample preparation method retains the struc-
ture of physiologically relevant complexes. In general,
good correlation was observed between the gas-phase
protein complexes detected by MALDI and their known
associations by other methods. High laser energy did
not dissociate the protein complexes. The results indi-
cate that the protein complexes can be relatively stable
in gas phase and retained at least some of the quater-
nary structure. The results also suggest that MALDI
could be generally used to study protein quaternary
structures using the method reported here.
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